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Intracellular pathogens: A virus joins the movement
Evelyn J. Strauss
Vaccinia virus has recently been shown to induce inside
its host cells the formation of actin tails very similar to
those which facilitate the cell-to-cell spread of several
pathogenic bacteria.
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Bacteria perform astounding feats inside host cells, demon-
strating that they are able to exploit principles of cell
biology that so far have eluded some of the brightest
human minds. Included in their repertoire is the ability to
recruit cytoskeletal elements, appropriating them to the
task of bacterial locomotion. Several species of three unre-
lated bacterial genera — Listeria, Shigella and Rickettsia —
travel through the host cell cytoplasm, fueled by actin poly-
merization. Recently, a virus has propelled itself onto the
stage of actin-based motility studies. Vaccinia virus has now
been shown to move inside host cells in association with 
an actin tail [1], thus imitating the behavior of its bacterial
role models.
Complex morphogenesis
Vaccinia virus achieved prominence as the poxvirus
vaccine strain used to eliminate smallpox. Immunization
with this relatively harmless agent induces immunity to its
much more dangerous cousin, variola virus, the cause of
smallpox. Poxviruses are the largest of animal viruses —
their genomes typically contain over 100 genes, which
encode many proteins, including enzymes involved in the
synthesis and modification of nucleic acids (reviewed in
[2–4]). In contrast to most other viruses, which depend on
cellular components for these functions, the replication
and transcription of vaccinia virus genomic DNA can
occur outside of the nucleus. These activities, as well as
viral assembly, take place in structurally distinct factories
within the cytoplasm.
The morphogenesis of vaccinia virus includes several steps
in which membranes are gained or lost by the viral particle
[5,6]. Each of these events is represented by a different
form of the virus, distinguishable by biological and/or
immunological properties (Fig. 1). Intracellular mature
virus (IMV), one of these viral forms, is enveloped by a
double membrane derived from the cis Golgi and, as its
name implies, is infectious when released by host cell lysis.
A small fraction of IMV becomes enwrapped by two more
membranes from the trans Golgi network to produce the
final intracellular form, intracellular enveloped virus (IEV).
This particle has four surrounding membranes, the outer-
most of which fuses with the plasma membrane to release
enveloped virus, which either remains attached to the cell
(cell-associated enveloped virus, CEV) or is released into
the medium (extracellular enveloped virus, EEV).
Actin has long been known to be involved in vaccinia virus
maturation and spread [7]. After assembly, IMV migrate
from the localized factories and distribute throughout the
cytoplasm. Viral particles which have been wrapped to
form IEV arrive at the plasma membrane and can induce
the formation of specialized microvilli; each of these pro-
trusions contains a virus at the tip, which is trailed by a core
of microfilaments shown to be composed of actin and
various actin-associated proteins [7–9]. CEV emerge from
the host cell at the tips of these microvilli, as well as from
other parts of the plasma membrane, and are released into
the extracellular environment [7]. Cytochalasins, which
depolymerize actin, have been shown to inhibit viral dis-
persion in the cytoplasm, microvilli formation and release
of CEV from the cell, depending on conditions used [7,10].
Actin-based motility
Cudmore et al. [1] have now shown that vaccinia virus par-
ticles move around the cytoplasm of their host cells in
association with actin tails. When viruses reach the cell
surface, they continue on their trajectory, causing a defor-
mation of the plasma membrane; this results in structures
that look like, and presumably represent, the protrusions
previously characterized as specialized microvilli. By using
a mutant strain of virus or a drug that allows IMV but not
IEV production, Cudmore et al. [1] were able to show that
reaching the IMV stage is not sufficient for actin-tail for-
mation or viral movement; the virus must proceed at least
to the IEV stage in order for these events to occur.
Many details of actin-based microbial motility have been
worked out from studies of Listeria and Shigella (reviewed in
[11,12]). These bacteria attach to the surface of host cells,
induce their own phagocytosis, and then secrete enzymes
that lyse the phagosomal membrane. After entry into the
cytoplasm, the bacteria move around, trailed by an actin-
filament network. When a bacterium reaches the plasma
membrane, it continues moving, forming a protrusion into
the adjacent cell, which is subsequently endocytosed. Each
bacterium is then encased in a vacuole with two mem-
branes, the inner one originating from the cell that was ini-
tially invaded, and the outer one from the second cell. The
bacterium proceeds to lyse the membranes and enter the
cytoplasm, beginning the cycle over again.
Elegant studies have revealed that actin monomers are
added at the interface between the tail and the bac-
terium, suggesting that actin polymerization pushes the
bacterium along (reviewed in [11,12]). The growing fila-
ment network remains stationary, while the bacterium
moves through the cytoplasm and eventually enters a
neighboring host cell. These bacteria appear to have har-
nessed a property fundamental to actin filament dynamics
that they use for their own purposes. One of the central
issues in understanding the basis of this behavior is thus
determining how actin filaments are nucleated at the
bacterium–tail interface.
Listeria monocytogenes and Shigella flexneri each express one
protein — ActA and IcsA, respectively — that is required
for actin-based motility. Each of these proteins is suffi-
cient to confer motility upon normally non-motile bacteria
(reviewed in [11,12]). Although the identity of the pre-
sumptive ActA/IcsA vaccinia analog remains obscure, it is
possible that vaccinia could have acquired a host-derived
gene for a cytoskeletal-related protein at some point, as
this virus is particularly adept at incorporating large
chunks of DNA into its genome (reviewed in [2–4]).
Motility additionally requires more than one host cell
protein — purified actin is not sufficient to propel Listeria
that have been grown in laboratory broth. The search for
host factors that act as linkers to ActA/IcsA, or modify
them such that they can nucleate actin directly, is an area
of intense research effort.
The amino-acid sequences of ActA and IcsA are not similar
to each other (reviewed in [11,12]) — indeed, there is not
even a close relationship between the actA genes of Listeria
ivanovii and Listeria monocytogenes actA (reviewed in [12]).
Examination of the entire vaccinia genome has not yet
revealed an open reading frame that is similar to either actA
or icsA [1]. It seems very clear that each of these microbes
has independently contrived to use host cell actin in
similar ways and for similar purposes. This lack of
sequence similarity reflects a general lack of relatedness
between these microbes: Listeria, Shigella and Rickettsia are
widely divergent in their taxonomic classification and
growth requirements. Vaccinia is not a bacterium at all, of
course, although it does have many properties usually char-
acteristic of independent cells (reviewed in [13]). Perhaps
it is not a complete coincidence that vaccinia shares fea-
tures of what has been thought to be a bacterial life style.
Plaque formation
Given Cudmore et al.’s results, it is of interest to consider
which form of the virus mediates plaque formation. If the
actin-based behaviors described above are indeed responsi-
ble for cell-to-cell spread, as Cudmore et al. suggest, it
seems reasonable to predict that cell-to-cell spread should
be mediated by the same form of the virus (IEV) that
undergoes movement and induces microvillus formation.
This has been shown to be true for Listeria and Shigella:
actA and icsA mutants invade primary cells and replicate in
the cytoplasm, but they are unable to move and do not
form plaques (reviewed in [11,12]). It is possible to argue
that IEV mediate plaque formation by ruling out roles for
the other forms of the virus in this process. When viral
assembly is blocked after IMV but before IEV formation
by specific mutations or drugs, plaque production is inhib-
ited ([14]; reviewed in [3]). Thus, IMV are not able to
induce normal plaque formation.
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Figure 1
The late stages of vaccinia virus morphogenesis. The assembling viral
particle (brick-shaped) acquires its first two membranes (green) from
the cis Golgi [5]; it then undergoes maturation steps to form an
intracellular mature virus (IMV). IMV migrates through the cytoplasm
and is enveloped by two more membranes (blue) from the trans Golgi
to produce an intracellular enveloped virus (IEV) [6]. This particle can
induce formation of actin tails and move in the cytoplasm [1]. IEV can
be seen in protrusions, and can also be seen budding out of the cell by
fusing its outermost membrane with the plasma membrane to form cell-
associated enveloped virus (CEV) [7–9]. CEV is then released to form
an extracellular enveloped virus (EEV). The diagram is not intended to
imply a mechanism for the wrapping of viral nucleoprotein or IMV.
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EEV also do not seem to mediate this behavior (reviewed
in [3]). The production of varied quantities of EEV by dif-
ferent vaccinia virus strains cannot be correlated with
plaque size. Furthermore, antibodies against EEV, added
after initial invasion is allowed to occur, do not affect
plaque formation. This experiment also indicates that
CEV do not mediate plaque formation, as CEV are anti-
genically identical to EEV; however, it should be noted
that these investigations did not confirm that antibody had
access to CEV. This evidence argues against the other
forms of virus having roles in plaque formation, but does
not prove that IEV mediate the phenomenon. To this
end, it would be very useful to have a viral strain that
forms IEV, but not CEV; plaque formation by such a
strain would indicate that IEV can promote this behavior.
Electron microscopy might also prove informative — if
vaccinia virus particles were observed in a double-mem-
braned vacuole inside the second cell, that would provide
further support for the theory outlined above.
These observations, in combination with Cudmore et al.’s
work, argue that IEV is the virus form that undergoes both
plaque formation and intracellular movement. The notion
that intracellular movement and microvilli formation
mediate cell-to-cell spread would be supported if a mutant
virus that forms IEV but cannot move is found to be
unable to form plaques. A recent report describes a
mutant virus strain with a phenotype that may be telling
[15]: the strain produces EEV-like virus particles which
are defective in both infectivity and plaque formation.
The mutant may lack a factor required for actin polymer-
ization; it seems plausible that budding could occur (pro-
ducing EEV-like particles) while direct cell-to-cell spread
via microvilli is blocked.
In vivo utility of cell-to-cell spread
The intracellular pathogens described above can thus repli-
cate and spread without ever leaving a host cell. In princi-
ple, this feature of their lifestyle allows these microbes to
evade circulating antibodies. Indeed, the humoral immune
system is not useful in eliminating Listeria; resolution of
infection absolutely requires the cell-mediated arm of the
immune system (reviewed in [16]). In contrast, secreted
antibodies are thought to be major effectors of a protective
host response to Shigella, and efforts to develop a vaccine
have focussed on constructing a strain that stimulates this
class of antibodies without producing tissue damage and
other symptoms (reviewed in [17]). The mechanism of
immune protection against poxviruses is complex and still
not completely clear. Antibodies do not seem to be essen-
tial for eliminating disease, although passive administration
of antibody can facilitate recovery [2].
Cell-to-cell spread is important for successful infections by
both Listeria and Shigella — actA and icsA mutants of 
L. monocytogenes and S. flexneri, respectively, are less virulent
than wild-type strains in mouse and monkey models,
respectively (reviewed in [11,12,17]). The role cell-to-cell
spread plays in vaccinia virus infections in vivo remains to
be examined by genetic analysis.
Alternative actin-based movement mechanisms
A number of viruses are thought to use cytoskeletal ele-
ments to facilitate the spread of infection (reviewed in
[18,19]). Actin has been implicated in several stages of
the replicative cycle of the baculovirus Autographa califor-
nica M Nuclear Polyhedrosis virus (AcMNPV). One
observation is particularly tantalizing: after entry into a
cell, virus particles induce the formation of actin cables in
the host cell cytoplasm [20]. Recent work suggests that
AcMNPV may use these cables to reach the nucleus,
which is the site of viral replication (L. Lanier and L.
Volkman, personal communication). 
Interestingly, the actin cables induced by AcMNPV can
be seen between the virus and the nuclear membrane,
indicating that actin polymerization cannot push the virus
particles towards the nucleus. Inhibitor studies suggest
that viral particles may use myosin motors, which slide
along actin filaments, to gain access to the nucleus. This
would require actin nucleation with a polarity opposite to
that used by Listeria and Shigella. Interestingly, AcMNPV
does have an activity that polymerizes actin in the orienta-
tion required for this scheme to work (L. Lanier and L.
Volkman, personal communication). If the scenario out-
lined here is shown to operate, it would represent a novel
form of microbial movement.
Intracellular bacteria and viruses have adapted to life
inside a host cell. It is no surprise that viruses, as well as
bacteria, are adept cell biologists. These microorganisms
continue to reveal their resourcefulness and ingenuity by
devising perversions of host cell processes that enable
their replication and spread.
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